Application of Modified Silica Coated Magnetite Nanoparticles for Removal of Iodine from Water Samples by Tayyebeh Madrakian et al.
www.nmletters.org
Application of Modiﬁed Silica Coated Magnetite
Nanoparticles for Removal of Iodine from Water
Samples
Tayyebeh Madrakian∗, Abbas Afkhami, Mohammad Ali Zolﬁgol, Mazaher Ahmadi, Nadia Koukabi
(Received 31 January 2012; accepted 5 April 2012; publication online 6 April 2012.)
Abstract: The adsorption of iodine onto silica coated magnetite nanoparticles (im-SCMNPs) that modiﬁed
with imidazole was investigated for removal of high concentrations of iodine from wastewater. Modiﬁed silica
magnetite nanoparticles showed high eﬃciency in removing iodine from wastewater samples. The optimum
pH for iodine removal was 7.0-8.0. The adsorption capacity was evaluated using both the Langmuir and
Freundlich adsorption isotherm models. The size of the produced magnetite nanoparticles was determined by
X-ray diﬀraction analysis and scanning electron microscopy. Synthesized magnetite nanoparticles showed the
high adsorption capacity and would be a good method to increase adsorption eﬃciency for the removal of iodine
in a wastewater treatment process. The Langmuir adsorption capacity (qmax) was found to be 140.84 mg/g of
the adsorbent.
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Introduction
It was found that iodine shows low aﬃnity toward
subsurface sediment, except illite [1], and iodine is
weakly adsorbed on sediment materials [2]. The weak
adsorption capabilities of clays for iodine can be en-
hanced by exchanging the cations in the natural inor-
ganic interlayer with certain organic cations [3]. Acti-
vated aerogels impregnated with silver ion can enhance
the iodine adsorption due to an increase in electrostatic
attraction [4].
Molecular iodine is one of the major species of io-
dine that may be present in food, drinking water and
seawater [5]. Molecular iodine is an important bacte-
ricide and is added to drinking water as a disinfectant
[6]. Iodine is one of the ﬁssion products generated in
a nuclear reactor and can enter into the reactor water
[7]. The I2 is also an important reactant or product
in many chemical reactions that are used for analytical
applications [8]. Thus, development of reliable methods
for the removal of molecular iodine in diﬀerent matrices
is of considerable importance.
The presence of iodine in environmental samples is
relatively low. The main source of contamination of
the environment by iodine is thin ﬁlm transistor liq-
uid crystal displays, TFT-LCD [9]. In the TFT-LCD,
wastewater is detrimental to the proper operation of the
wastewater treatment facility due to its potential bioci-
dal eﬀect toward microorganisms; and zero-valent iron
has been proved eﬀective in removing iodine from the
wastewater [10]. Several reports have been published
on the removal of iodine from water samples. It was
found that iodine shows low aﬃnity toward subsurface
sediments, except illite [11]. Um et al. reported that io-
dine is weakly adsorbed on sediment materials [12]. The
weak adsorption capabilities of clays for iodine were en-
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hanced by exchanging the cations in the natural inor-
ganic interlayer with certain organic cations [13]. Acti-
vated aerogels impregnated with silver ion enhanced the
iodine adsorption due to an increase in electrostatic at-
traction [14]. Curtius and Kattilparampil [15] reported
that adsorption of iodine on Mg-Al layered double hy-
droxide (LDH )is an anion-exchange process. Kentjono
et al. used synthesized Mg-Al (NO3) LDH and used to
remove boron and iodine from polarizer manufacturing
wastewater [9].
Nanometer-sized materials have attracted substantial
interest in the scientiﬁc community because of their spe-
cial properties [16]. The size range of nanoparticles is
from 1 to almost 100 nm, which falls between the classi-
cal ﬁelds of chemistry and solid state physics. The rel-
atively large surface area and highly active surface sites
of nanoparticles enables them to have a wide range of
potential applications, including shape-selective catal-
ysis [17], chromatographic separations [18], sorption of
metal ions [19], enzyme encapsulation [20] DNA trans-
fection [21], and drug delivery [22].
The synthesis of magnetite nanoparticles has been
intensively developed not only for its great fundamen-
tal scientiﬁc interest but also for many technological
applications in biology [23], medical applications [24],
bioseparation [25]; and separation and preconcentration
of various anions and cations [26,27], due to their novel
structural, electronic, magnetic and catalytic proper-
ties.
In the present paper modiﬁed magnetite nanoparti-
cles was employed for removal of iodine and used as an
eﬀective adsorbent in the wastewater treatment. The
technique was found to be very useful and cost-eﬀective
for a better removal of iodine.
Experimental
Instrumentation
A Metrohm model 713 pH-meter was used for pH
measurements. A single beam UV-mini-WPA spec-
trophotometer was used for determination of iodine
concentration in the solutions. The size, morphology
and structure of the nanoparticles were characterized
by transmission electronic microscopy (TEM, Philips,
CM10, 100 KV) and scanning electron microscope
(SEM, SEM-EDX, XL30 Philips Netherland). The
crystal structure of synthesized materials was deter-
mined by an X-ray diﬀractometer (XRD, 38066 RIVA,
d/G.Via M. Misone, 11/D (TN) ITALY) at ambient
temperature. A 40±5% kHz ultrasonic water bath
(DSA 100-SKr-Korea) was used was used.
The mid-infrared spectra of Fe3O4, silica coated and
imidazole loaded on silica coated magnetite nanopar-
ticles in the region (4000-400 cm−1) were recorded by
Perkin-Elmer FT-IR spectrometer (KBr pellets) Model
spectrum GX.
Reagents and materials
All the chemicals and reagents used in this work were
of analytical grade and purchased from Merck (Merck,
Darmstadt, Germany). A stock solution (1000 mg/l)
of iodine was prepared in deionized distilled water, and
experimental solutions of desired iodine concentrations
were obtained by successive dilutions of the stock solu-
tion with deionized distilled water. The concentration
of iodine in the experimental solution was determined
from the calibration curve prepared by measuring ab-
sorbance of diﬀerent predetermined concentrations of
iodine solutions at 460 nm (λmax).
Preparation of nanostructured silica-coated
magnetite
The magnetite nanoparticles were synthesized ac-
cording to a co-precipitation method followed by aer-
ation oxidation proposed elsewhere [28,29]. Then,
the magnetitesuspension prepared above (20 ml) was
placed in a 250 mlround-bottom ﬂask and allowed to
settle. The supernatant wasremoved, and an aqueous
solution of tetraethoxysilane (TEOS,10% (v/v), 80 ml)
was added, followed by glycerol (60 ml). The pH of
the suspension was adjusted at 4.6 using glacial aceti-
cacid, and the mixture was then stirred and heated at
90℃ for 2 hunder a nitrogen atmosphere. After cool-
ing to room temperature,the suspension was washed se-
quentially with deionized distilled water (3×500 ml),
methanol (3 × 500 ml), and deionized distilled water
(5×500 ml).
Loading of imidazole onto silica coated nano-
magnetite with imidazole
The silica coated magnetite nanoparticles deriva-
tive moiety was prepared by reaction with 3-
chloropropyltrimethoxysilane (CPTS) as silylation
agent [30]. A sample of 10.0 g of silica coated magnetite
nanoparticles was suspended in 50 mL of dry toluene
and 10.66 mmol of CPTS was added to this suspension.
The mixture was reﬂuxed for 48 h, and the modiﬁed sil-
ica was ﬁltered oﬀ, washed twice with toluene, and dried
under vacuum at room temperature. In order to pre-
pare immidazol modiﬁed magnetite nanoparticles (im-
SCMNPs), 5.0 g silica coated magnetite nanoparticles
was added to 50 ml of dry toluene and 5.0 g imidazole.
Then a few drops of triethylamine were then added to
favor the reaction equilibrium [31]. Triethylamine was
used as disprotonant agent to increase the eﬃciency of
the reaction. The reaction mixture was reﬂuxed with
stirring for 72 h. The solid phase was ﬁltered, washed
with toluene and ethanol, and dried under vacuum at
room temperature for 24 h (Fig. 1)
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Fig. 1 Reaction schematic diagram for the modiﬁcation of magnetic nanoparticles with imidazole.
Adsorption behavior of iodine
Adsorption studies were performed by adding 0.05 g
im-SCMNPs to the 50 mL solution of diﬀerent concen-
trations of iodine in a 250 ml beaker. The pH of the
iodine solution was adjusted at 7.0 using 0.1 mol/l HCl
and/or 0.1 mol/l NaOH and the solution was stirred
for 40 min. Then iodine loaded magnetite nanoparti-
cles were separated with magnetic decantation. The
concentration of iodine in the solution was measured
spectrophotometrically at 460 nm. The concentration
of iodine decreased with time due to its adsorption by
magnetite.
Characterization
An infrared spectrum was obtained in the 400-4000
cm−1 range, by a Perkin-Elmer FTIR spectrometer.
KBr pellets were used for solid samples. The infrared
spectroscopy presents a useful tool to initially detect the




























Fig. 2 The IR spectra of (a) MNPs (. . .); (b) SCMNPs
(- - - ); and (c) im-SCMNPs( ).
can be clariﬁed by comparing the precursor and mod-
iﬁed surfaces. The IR spectra of magnetite nanoparti-
cles, Fe3O4, (MNPs), silica coated magnetite nanoparti-
cles (SCMNPs) and imidazole loaded on SCMNPs (im-
SCMNPs) are presented in Fig. 2. As can be seen,
after silica coated on the Fe3O4, a new peak at 1044
cm−1 was appeared that indicated the Si-O band on
the Fe3O4. At 2933 and 2864 cm
−1 wavenumbers the
C-H stretching of aliphatic groups and at 3128 cm−1
the N-H stretching of imidazole was observed and em-
phasized the modiﬁed silica coated was synthesized.
Results and discussion
The imidazole (1,3-diazole)–diiodine complex has
been experimentally investigated in some instances and
n–σ complexes were formed, i.e., they involved electron
transfer from the N atom at position 3 of the imida-
zole ring to the antibonding molecular orbital σ∗ of I2.
The monomer and charge-transfer complexes of imida-
zole with I2 was investigated and clearly revealed that
a suitable interaction occurred between the σ∗ orbital
of I2 and the N lone pair in the imidazole at position
3 [32-34]. Therefore the chemical reaction of charge-
transfer complexation of imidazole and iodine can be
written as equation (1) [35,36]:
Imidazole + I−
3
→ Imidazole− I2 + I
− (1)
When iodine is added to water, the following reaction
takes place:
I2(1) + H2O(1)→ OI
−(aq) + 2H+(aq) + I−(aq)
(K = 2.0× 10−13) (2)
I2 molecules and water molecules react to substances
such as hypoiodite (OI−) and I−. The formation of the
hypohalite ion (IO−) in neutral aqueous solutions of io-
dine is negligible. In basic solutions, iodine converts in
59
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a two stage reaction to iodide and iodate [37].
I2 + 2OH
−
→ I− + IO− +H2O (K = 30) (3)
3OI− → 2I− + IO−
3
(K = 1020) (4)
The reaction can move both ways of the equilibrium,







Figure 3 shows the spectra of iodine in solution be-
fore and after addition of im-SCMNPs to the solution.
As the results show, iodine molecule in the solution
with pH 7.0 showed three absorption bands at 460, 390
and 290 nm. After 5 min the absorbance of the iodine
solution at 460 nm decreased while the absorbance at
two wavelengths 360 and 290 nm increased. The de-
crease and increase in the absorbances is the result of
the conversion of iodine to triiodide anion. Triiodide
is produced by the reaction of iodine by iodide ion
produced from Eq. (2). By addition of im-SCMNPs,
the absorbance at all three absorption bands decreased.
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Fig. 3 The spectra of (1) iodine; (2) after 5 min in solu-
tion; (3) after 20 min; and (4) after 40 min in contact with
im-SCMNPs.
Characterization of the adsorbent
The SEM and TEM images of the im-SCMNPs, as
shown in Figs. 4 and 5, revealed the diameter of mag-
netite nanoparticles synthesized were around 38 nm
from SEM image. The typical XRD proﬁle of im-
SCMNPs is shown in Fig. 6. The crystallite size was
obtained around 27 nm from the XRD pattern accord-
ing to Scherrer equation [26]. As the results show, the
particle dimension obtained by SEM is higher than the
corresponding crystallite size. This diﬀerence may be
explained due to the presence of aggregates in SEM
grain consisting of several crystallites and/or poor crys-
tallinity [26].
Fig. 4 The SEM patterns of im-SCMNPs.
50 nm


























Fig. 6 The XRD patterns of im-SCMNPs.
Eﬀect of contact time
The eﬀect of contact time on the adsorption of
iodine was studied to determine the time taken by
im-SCMNPs to remove 254 mg/l iodine solution at
pH=7.0. A 0.05 g of im-SCMNPs was added into a
50 ml of iodine solution. Absorbance of the solution at
460 nm with time was determined to monitor the iodine
concentration. The decrease in the concentration of io-
dine in the solution with time is due to its adsorption
on magnetite nanoparticles. It can be seen that after
about 40 min, almost all the iodine became adsorbed.
Agitation time of 40 min was selected for further works.
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Eﬀect of pH
The eﬀect of pH in the range 5.0-10.0 on the re-
moval of iodine was investigated using 0.01 mol/l HCl
or NaOH solutions for pH adjustment, with the ini-
tial iodine concentration ﬁxed at 254 mg/l. As Fig. 7
shows, the percent adsorption increased by increasing
pH and reached maximum at pH=7.0, remained nearly
constant up to pH=9.0 and decreased at higher pHs.
The high negatively charged adsorbent surface sites did






















Fig. 7 Percentage of iodine removal at diﬀerent pHs. Con-
ditions: 0.05 g adsorbent, 20 ml of 254 mg/l of iodine and
agitation time of 40 min.
Eﬀect of the amount of adsorbent
The dependence of the adsorption of iodine to the
amount of modiﬁed nanoparticles was studied at room
temperature and at pH=7.0 by varying the adsorbent
amount from 10 to 100 mg in contact with 20 mL solu-
tion of the mixture of 254 mg/l of iodine. The results
are shown in Fig. 8. The percentage removal of iodine
increased by increasing amount of im-SCMNPs due to
the greater availability of the adsorbent. The adsorp-
tion reached a maximum with 50 mg of adsorbent that



















Fig. 8 Percentage removal of iodine at diﬀerent amounts of
adsorbent. Conditions: 20 ml of 254 mg/l of iodine, pH=7.0
and agitation time of 40 min.
Adsorption isotherms
The adsorption isotherm for iodine from water onto
im-SCMNPs is shown in Fig. 9. The number of mg ad-
sorbed per gram of adsorbent, (qe), versus the equilib-
rium concentration of iodine is illustrated. The initial
slope in Fig. 8 for adsorption of iodine on nanoparti-
cles lies very close to the y-axis which shows that the















Fig. 9 Langmuir adsorption isotherm of iodine for modiﬁed
im-SCNMPs.
Two models were tested to model the adsorption
isotherms: Langmuir [38] and Freundlich [39] models.
Langmuir model does not take into account the varia-
tion in adsorption energy, but it is the simplest descrip-
tion of the adsorption process. It is based on the phys-
ical hypothesis that the maximum adsorption capacity
consists of a monolayer adsorption, that there are no
interactions between adsorbed molecules, and that the
adsorption energy is distributed homogeneously over
the entire coverage surface.




















is the equilibrium concentration of the iodine
in the solution (mg/l), q
e
is the amount of iodine ad-








Langmuir constants with a
L







] signiﬁes the maximum ad-
sorption capacity (mg/g), which depends on the num-
ber of adsorption sites. The Langmuir isotherm shows
that the amount of anion adsorbed increases as the con-
centration increases up to a saturation point. As long
as there are available sites, adsorption will increase with
increasing iodine concentrations, but as soon as all of
the sites are occupied, a further increase in concentra-
tions of iodine solutions does not increase the amount
of iodine on adsorbents after linearization of the Lang-
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The parameters of this equation for iodine were cal-
culated and are given in Table 1.
Table 1 Adsorption isotherms parameters of iodine
onto im-SCMNPs.
Langmuir model Freundlich model
qmax (mg/g) KL aL r Kf 1/n r
140.84 5.208 0.0369 0.997 5.44 0.5546 0.704










is the equilibrium concentration (mmol/l),
q
e
is the amount adsorbed at equilibrium (mmol/g),
and K
f
(mmol1−1/nL1/n/g) and 1/n are Freundlich
constants depending on the temperature and the given
adsorbent-adsorbate couple. n is related to the adsorp-













The parameters of this equation for iodine were cal-
culated and are given in Table 1. The regression co-
eﬃcients, r, for ﬁtting the experimental data points to
the linear forms of the Langmuir equations can be con-
sidered as a measure of goodness of ﬁt and it is seen
that Langmuir model is almost better successful in rep-
resenting experimental isotherm data versus Freundlich
model.
Conclusion
In this study new modiﬁed, nanometer-sized silica-
magnetic sorbent has been prepared and indicated that
the loaded surface with imidazole after CPTS, as pre-
cursor silylating agent, could be used as eﬀective ad-
sorbent material for the removing of iodine from wa-
ter. The modiﬁed nanoparticles are highly monodis-
perse and magnetically separable, and they have high
adsorptive capacities. The nanoparticles can rapidly
and quantitatively adsorb iodine from water solutions.
In acidic media, at pH<5, no sorption was detected due
to the protonation of the functional groups. The im-
MMNPs may be used as an inexpensive, eﬀective, and
alternative sorbent for removal of iodine from water so-
lutions. A comparison between the proposed sorbents
with those reported for the adsorption of iodine [9-15]
shows that it provides higher adsorption capacity and
simpler separation of iodine loaded sorbent from water
solutions.
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